Tumors with mutant BRAF and some with mutant RAS are dependent upon ERK signaling for proliferation, and their growth is suppressed by MAPK/ERK kinase (MEK) inhibitors. In contrast, tumor cells with human EGF receptor (HER) kinase activation proliferate in a MEK-independent manner. These findings have led to the development of RAF and MEK inhibitors as anticancer agents. Like MEK inhibitors, the RAF inhibitor PLX4032 inhibits the proliferation of BRAF V600E tumor cells but not that of HER kinase-dependent tumors. However, tumors with RAS mutation that are sensitive to MEK inhibition are insensitive to PLX4032. MEK inhibitors inhibit ERK phosphorylation in all normal and tumor cells, whereas PLX4032 inhibits ERK signaling only in tumor cells expressing BRAF V600E . In contrast, the drug activates MEK and ERK phosphorylation in cells with wildtype BRAF. In BRAF V600E tumor cells, MEK and RAF inhibitors affect the expression of a common set of genes. PLX4032 inhibits ERK signaling output in mutant BRAF cells, whereas it transiently activates the expression of these genes in tumor cells with wild-type RAF. Thus, PLX4032 inhibits ERK signaling output in a mutant BRAFselective manner. These data explain why the drug selectively inhibits the growth of mutant BRAF tumors and suggest that it will not cause toxicity resulting from the inhibition of ERK signaling in normal cells. This selectivity may lead to a broader therapeutic index and help explain the greater antitumor activity observed with this drug than with MEK inhibitors.
Tumors with mutant BRAF and some with mutant RAS are dependent upon ERK signaling for proliferation, and their growth is suppressed by MAPK/ERK kinase (MEK) inhibitors. In contrast, tumor cells with human EGF receptor (HER) kinase activation proliferate in a MEK-independent manner. These findings have led to the development of RAF and MEK inhibitors as anticancer agents. Like MEK inhibitors, the RAF inhibitor PLX4032 inhibits the proliferation of BRAF V600E tumor cells but not that of HER kinase-dependent tumors. However, tumors with RAS mutation that are sensitive to MEK inhibition are insensitive to PLX4032. MEK inhibitors inhibit ERK phosphorylation in all normal and tumor cells, whereas PLX4032 inhibits ERK signaling only in tumor cells expressing BRAF V600E . In contrast, the drug activates MEK and ERK phosphorylation in cells with wildtype BRAF. In BRAF V600E tumor cells, MEK and RAF inhibitors affect the expression of a common set of genes. PLX4032 inhibits ERK signaling output in mutant BRAF cells, whereas it transiently activates the expression of these genes in tumor cells with wild-type RAF. Thus, PLX4032 inhibits ERK signaling output in a mutant BRAFselective manner. These data explain why the drug selectively inhibits the growth of mutant BRAF tumors and suggest that it will not cause toxicity resulting from the inhibition of ERK signaling in normal cells. This selectivity may lead to a broader therapeutic index and help explain the greater antitumor activity observed with this drug than with MEK inhibitors.
T he prevalence of deregulation of ERK signaling in human tumors (1) (2) (3) suggests that drugs that inhibit the pathway might have significant therapeutic activity (4) (5) (6) (7) . Selective, allosteric MAPK/ERK kinase (MEK) inhibitors (MEKi) have been useful for determining the utility and feasibility of therapeutic targeting of the ERK pathway. In such studies, the consequences of ERK activation in tumors have been shown to vary as a function of the mechanism of pathway activation (8, 9) . Tumors with BRAF mutation require ERK signaling for G1 progression and sometimes survival and almost always are sensitive to MEK inhibition. In contrast, tumors in which ERK activation is caused by receptor tyrosine kinase (RTK) deregulation grow in a MEK/ERKindependent manner (8, 9) . The role of ERK signaling in tumors with activated mutant RAS is more complex, and both MEKdependent and -independent subsets of mutant RAS tumor cell lines have been identified (10, 11) .
Receptor activation of ERK signaling is regulated by negative feedback (12) , but mutant BRAF is unresponsive to inhibition of MEK-dependent feedback (13, 14) . Thus, the V600E mutation both elevates the catalytic activity of BRAF (15) and renders it insensitive to negative feedback, leading to hyperactivation of ERK signaling and dependence of the tumor cell on the pathway. These findings prompted clinical trials of MEKi in patients with advanced cancer, including those with BRAF mutation (16) (17) (18) . In these trials, significant inhibition of ERK has been achieved in normal and tumor tissue. The predominant toxicity has been skin rash (17) . Despite promising preclinical data, however, the antitumor effects of MEKi have been modest. For example, in a recent phase II trial only 12% of patients with melanoma whose tumors harbored BRAF V600E had a partial response to the MEKi AZD6244 according to the response evaluation criteria in solid tumors (RECIST) (18 (22) .
Results

MEK Inhibition and RAF Inhibition Affect Expression of the Same
Genes in BRAF V600E Melanomas. We previously used the MEKi PD0325901 to identify a set of 52 genes that comprises the transcriptional output of the ERK pathway in BRAF V600E tumors. To investigate whether non-MEK substrates of BRAF V600E play a role in mediating its effects, we compared the effects of PLX4032 and PD0325901 on the transcriptome of these cells. We determined the effects of 8 h of exposure to either drug on gene expression in five melanoma cell lines harboring BRAF V600E mutation (Malme3M, SkMel-1, SkMel-5, SkMel-19, and SkMel-28). Fifty-nine MEKi-dependent genes and 58 RAFi-dependent genes were identified (Methods), represented by 73 and 74 probe sets, respectively. Forty-four of these genes overlapped statistically in their response to both inhibitors (Fig. 1A) . However, most of the genes whose expression changed significantly upon MEK inhibition changed similarly and to roughly the same extent with RAF inhibition, and vice versa (Fig. 1B and Table S1 ). We found, therefore, that the identification of genes selectively affected by only one drug was a statistical artifact, because the change in expression of these genes was just above or below the statistically defined cutoff (of fold change and/or q value). We conclude that the ERK-dependent transcriptional output is characterized by the differential expression of 73 genes (Fig. 1A , "RAFi-only" plus "MEKi-only" plus "overlap") and found no genes that were differentially regulated by the RAFi. A 4-fold higher concentration of PLX4032 yielded the same results (Fig. S1 ). In summary, there was no evidence for MEK-independent effects of PLX4032 on the transcriptome of BRAF V600E tumor cells. Fig. 2A) . The mutant RAS tumor cells that were MEKi-resistant also were insensitive to PLX4032. In contrast, however, MEKi-sensitive, mutant RAS tumor cells were uniformly insensitive to PLX4032 (Fig. 2A) (Fig. 3 ), including those with mutant N-and K-RAS, those with RTK activation, and in two normal keratinocyte cultures. Induction of MEK/ERK phosphorylation was rapid and persisted for at least 24 h. Induction occurred over a range of concentrations, including those that inhibit signaling in cells with mutant BRAF, but began to diminish at 20 μM PLX4032 (Fig. 2C) . Thus, the sensitivity of ERK signaling to PLX4032 was confined to tumor cells with BRAF V600E and correlates with inhibition of proliferation. Paradoxical activation of RAF by other RAFi has been noted previously and attributed to relief of negative feedback (25) . We and others have tested six other ATP-competitive inhibitors of RAF kinase, including an irreversible inhibitor, and found that all induce phosphorylation of MEK and ERK in cells with BRAF WT , so this property probably is common to this class of compounds (26) .
PLX4032 Inhibits ERK Signaling Output in Cells with BRAF
V600E Mutation. The induction of pERK by PLX4032 suggests that RAF inhibition may activate ERK signaling and perhaps accelerate the proliferation of BRAF WT cells. However, activation of the ERK signaling pathway is regulated by negative feedback at multiple sites. Phosphorylation and activation of ERK induces the expression of dual-specificity phosphatases (DUSPs) (27) . Because increasing ERK signaling output increases DUSP expression and thereby enhances ERK dephosphorylation, pERK is a poor measure of ERK signaling output. Although pERK levels are similar in tumors with BRAF mutation and those with RTK activation, only the former have increased ERK output (13) . Thus, induction of pERK in BRAF WT tumors may not reflect an increase in ERK signaling output. We therefore evaluated the effects of PLX4032 on ERK-dependent transcriptional output in tumor cells with mutant and wild-type BRAF. The set of 73 ERKdependent genes that comprise ERK transcriptional output includes transcription factors important in mediating transformation (ETV1, ETV5, FOSL1, and MYC), feedback regulators (SPRY2 and DUSP6) (27, 28) , and downstream effectors of ERKsignaling, including cyclin D1 (CCND1). We used quantitative RT-PCR to measure changes in the expression of some of these genes in cells exposed to PLX4032 or to PD0325901.
The MEKi reduced the expression of these genes in all cell lines tested (Fig. 4A) , including MEKi-sensitive BRAFV600E cell lines (Malme3M and SkMel-28), mutant RAS (SW-620) tumor cells with elevated ERK output, and the MEKi-insensitive, HER2-dependent, SkBr3 cell line in which ERK output is low. In SkBr3, although the steady-state ERK output is low and the change in expression modest, the expression of each gene fell with MEK inhibition. In each of the cell lines, DUSP6, SPRY2, FOSL1, and MYC were down-regulated rapidly by 80-95% after 2 h of drug exposure. Down-regulation of the other genes (ETV1, ETV5, CCND1) occurred with slower kinetics. In BRAF V600E cell lines, the effects of PLX4032 were essentially identical to those of PD0325901: down-regulation of all seven genes ( S2A). Thus, in agreement with the microarray data ( Fig. 1) (Fig. 4A ), but PLX4032 did not (Fig. 4 B and C) . Instead, in these cell lines, PLX4032 caused a rapid induction of DUSP6, SPRY2, and, in some cells, FOSL1 and MYC expression. Induction of DUSP6 (2.5-to 3.5-fold), SPRY2 (1.4-to 1.8-fold), and FOSL1 (1.4-to 2.1-fold) was most marked, whereas other genes were not significantly induced. However, the induction of DUSP6 and SPRY2 in cells with RAS mutation was transient compared with the persistence of pMEK and pERK induction (Fig. 3) , and their expression remained only slightly elevated (1.5-to 1.7-fold) 8 h after treatment. Tumor cells with activated HER kinases (e.g., BT-474 and SkBr3) have low ERK output and are insensitive to MEK inhibition. PLX4032 treatment caused pMEK and pERK induction in these cells as well (Fig. 3) . However, despite durable induction of pERK at 250 nM, expression of ERK-dependent genes was affected marginally or not at all in these and in KIT-driven (WM1382; ref.
29) tumor cells.
We further quantified ERK transcriptional output by taking the mean of Z-scores of the 73 genes in the set as a measure of aggregate ERK-dependent gene expression (Methods). Aggregate expression was elevated in BRAF V600E tumors, less so in tumors with mutant RAS, and not at all in tumors with HER2 amplification (Fig. S2B) . The MEKi caused a reduction in ERK transcriptional output in all these cells, but the degree of change varied as a function of the mode of pathway activation, with the greatest change in BRAF V600E cells. PLX4032 caused a similar reduction in BRAF V600E tumor cells. In contrast, the aggregate expression value changed only minimally in HER2-activated cells in response to either inhibitor. Moreover, in RTK cells and in mutant RAS cells, the aggregate gene expression in response to PLX4032 changed in the direction opposite that observed with the MEKi and was induced rather than inhibited. The small absolute change in aggregate expression in PLX4032-treated BRAF WT cell lines is consistent with the conclusion that ERK signaling is activated only transiently by the RAFi in this context. . Cyclin D1 expression, RB phosphorylation, G1/S progression, and proliferation are dependent on MEK/ERK signaling in tumors with mutant BRAF and on some tumorswith mutant RAS (8) . Because PLX4032 inhibits pERK and ERK signaling to a degree indistinguishable from that of MEKi in mutant BRAF cells, RAF inhibition would be expected to have the same consequences. Indeed, PLX4032 caused the growth arrest of the BRAF V600E melanoma cells (SkMel-28 and Malme3M; Fig. 5A and Fig. S3 ). In both cell lines, inhibition of signaling by PLX4032 was followed by a reduction in cyclin D1, induction of p27 expression, hypophosphorylation of RB, and G1 arrest of cell growth (Fig. 5C and Fig.  S3 ). The response of SkMel-28 cells to PLX4032 was primarily cytostatic, with marginal induction of poly(ADP-ribose) polymerase (PARP) cleavage and sub-G1 DNA after 72 h, whereas significant cell death occurred in Malme3M cells (Fig. 5 B and C) . These results are identical to those obtained with MEK inhibition in BRAF V600E tumors (8) . PLX4032 induced pMEK and pERK in mutant RAS or RTKdriven tumor cells. However, we did not observe evidence for striking growth acceleration upon treatment with PLX4032 in detailed studies of eight BRAF WT cell lines (three mutant RAS, four with RTK activation, and one with no known RAS or RTK mutation) (Fig. 5 and Fig. S4 ). As shown in Fig. 5 for the SkMel-31 (BRAF WT /RAS WT melanoma) and SW-620 (mutant K-RAS colon carcinoma) cell lines, PLX4032 potently induced pMEK and pERK but had no effect on cyclin D1 expression, RB phosphorylation, G1 progression, or proliferation. These results are consistent with the findings in Fig. 4 , showing only a partial and transient induction of ERK transcriptional output by PLX4032 in these models.
Discussion
We previously used selective MEK inhibitors to show that the output of the ERK pathway and its functional consequences in tumor cells vary as a function of the mechanism of pathway deregulation and are not linearly related to levels of pERK (8, 9, 13) . BRAF V600E is refractory to negative feedback and causes increased steady-state output of ERK signaling. Tumor cells with BRAF V600E mutation are dependent on ERK activity for cell-cycle progression and proliferation and almost always are sensitive to MEK inhibition. A subset of tumors with RAS mutation also is dependent on ERK signaling, although in these tumors ERK signaling output is elevated to a lesser degree than in V600E tumors (13) . In contrast, tumors with HER kinase activation have low ERK signaling output and are MEKi insensitive. Despite promising preclinical data, MEK inhibitors have been only modestly effective in clinical trials, with the MEKi AZD6244 demonstrating a 12% RECIST partial response rate in BRAF V600E melanoma patients (17, 18) . There are many potential reasons for the insensitivity of most tumors to these compounds. It is possible that they have suboptimal potency or pharmacokinetics. Melanomas harbor other genetic changes, including PTEN mutations that might decrease their dependency on ERK signaling (30, 31) . Furthermore, as expected, the dose of MEK inhibitors is limited by rash and other side effects (16, 17) . In patients, MEK inhibitors significantly inhibit ERK phosphorylation at their maximally tolerated dose, but a greater degree of inhibition may be required to inhibit growth effectively or induce tumor cell death. It also is possible that important biologic effects of mutant BRAF are not mediated by MEK, because RAF has other putative substrates, including those that regulate cell survival (19) (20) (21) .
Here, we used an ATP-competitive RAF inhibitor to address this question. We found no evidence that RAF inhibition with PLX4032 elicited different effects than MEK inhibitors in tumors with BRAF V600E . If PLX4032 causes additional biologic effects through non-MEK substrates, one might expect a different pattern of changes in gene expression than that caused by MEK inhibitors. This was not the case. Specifically, microarray analysis of changes in transcription induced by the inhibitors did not identify genes affected by PLX4032 and not PD0325901. Thus, when exposed to a RAFi, BRAF V600E melanomas growing in tissue culture showed no novel, transcriptionally mediated biologic effects that could not be attributed to inhibition of ERK signaling.
In fact, we found that the RAF inhibitor was less active than the MEK inhibitor in one notable context. BRAF V600E tumors were uniformly sensitive to both RAF and MEK inhibitors, whereas MEKi-insensitive tumors with wild-type or mutant RAS also were insensitive to PLX4032. Mutant RAS tumors that are MEKi sensitive and thus dependent upon ERK signaling were, however, resistant to the effects of PLX4032. This finding was explained when the effects of PLX4032 on signaling were examined in detail. MEK inhibition suppresses ERK signaling in all cells, whether or not proliferation was ERK dependent. In contrast, although PLX4032 inhibited MEK and ERK phosphorylation in tumors with BRAF V600E , it rapidly induced MEK and ERK phosphorylation in all other tumor cells tested and in normal keratinocytes. Induction of ERK phosphorylation by other putative RAF inhibitors has been described recently (7, 25, 32) and suggests that paradoxical induction of ERK phosphorylation is common property of ATP-competitive RAF-kinase inhibitors in cells with BRAF WT , but not BRAF V600E (26, 33) . The mechanism of ERK induction in cells with BRAF WT has been attributed to negative feedback (23) or to selective inhibition of BRAF causing activation of CRAF (32) . We recently demonstrated that pan-RAF inhibitors bind to and transactivate RAF dimers in a manner dependent upon activated RAS (26) . In BRAF V600E cells, levels of RAS activity are too low to support activation, so the drug inhibits BRAF activity and ERK phosphorylation.
The results reported here have profound implications for the therapeutic use of RAF inhibitors. They imply that these drugs can be used only to treat tumors with mutant BRAF and will increase the expression of phosphorylated ERK in other tumors, including ERK-dependent tumors with mutant RAS. Furthermore, induction of ERK phosphorylation in tumors or normal cells could have deleterious effects, including acceleration of the growth of BRAF WT tumors. It therefore will be necessary to genotype prospectively the tumors of all patients treated with this agent to ascertain whether they contain BRAF V600E to avoid exposing cancer patients to an agent that will have no efficacy and potentially may accelerate cancer progression.
What, then, is the potential utility of such an agent, in comparison with MEK inhibitors? RAF inhibitors would be predicted to activate rather than inhibit ERK signaling in normal cells and thus should not cause the toxicity that is incurred with MEK inhibitors. Therefore administration of higher doses of the RAF inhibitors that result in more complete inhibition of ERK signaling in tumors than is feasible with MEK inhibitors may be possible, resulting in a wider therapeutic index and greater clinical efficacy. In a recent phase I clinical trial of PLX4032 in melanoma patients, these predictions have been borne out strikingly (34) . High doses of drug administered daily result in serum concentrations of 40-60 μM with only modest toxicity. The most common toxicity of PLX4032 is a skin rash that is distinct from that induced by EGFR and MEK inhibitors, suggesting that the rash induced by the RAF inhibitor is not caused by ERK inhibition. No tumor responses were observed in patients with BRAF WT tumors. In contrast, in patients with BRAF V600E tumors, the efficacy of the drug has been extraordinary. At the recommended phase II dose, almost all tumors exhibited regression with~80% achieving a RECIST partial response. Because the effects of PD0325901 and PLX4032 in melanoma models are so similar, it is likely that the superior effectiveness of the latter is caused in large part by its selective and more complete inhibition of ERK signaling in BRAF V600E -expressing tumors. The prolonged half-life of PLX4032 also may allow a more constant inhibition of the target that is tolerated because it is tumor specific.
An unexpected toxicity of treatment with PLX4032 has been the development of squamous cell carcinomas (keratoacanthomatype) in about one third of patients treated at the maximum tolerated dose (34) . Whether this development results from the induction of ERK signaling by PLX4032 is unknown. Others also have noted ERK activation in tumors with BRAF WT that have been exposed to RAF inhibitors, and it has been suggested that this may lead to the acceleration of the growth of such tumors (7, 33) . We found that induction of ERK phosphorylation in mutant RAS tumor cells induced only transient expression of some ERKdependent genes. The expression of these genes had returned to baseline 8 h after the addition of PLX4032 to BRAF WT cells, whereas levels of pMEK and pERK remained elevated. The mechanism through which ERK output returns to baseline is unknown but probably reflects an increase in negative feedback pathways. The lack of induction of steady-state ERK output is consistent with the absence of PLX4032-induced changes in growth rate in these BRAF WT tumors. These data suggest that patients with BRAF WT tumors treated with RAF inhibitors may not be at risk for tumor acceleration. Of course, this may not be true for tumors of all lineages. The mechanism of induction of keratoacanthomas in PLX4032-treated patients and its relationship to induction of ERK activation will require further investigation and may provide insight as to why an increase in tumor cell growth has been noted so prominently in this cell lineage.
Methods
Materials. PLX4032 was obtained from Plexxikon, Inc. PD0325901 was synthesized according to its published structure (35) . Drugs for in vitro studies were dissolved in DMSO stock solutions and stored at −20°C.
Cell Culture. Cancer cell lines were obtained from the American Type Culture Collection or were provided by the Houghton laboratory, Memorial SloanKettering Cancer Center, and maintained as described (8) . For proliferation assays, cells were plated in 96-well plates, at 2,000-3,000 cells/well, and after 24 h were treated with inhibitors. IC 50 values were calculated using Alamar Blue (Trek Diagnostics) and Softmax Pro (Molecular Devices), as described (8) . For Western blots, cell extracts were prepared and immunoblotting was performed as described (13) .
Cell Cycle and Apoptosis. Cells were seeded in 6-cm dishes at a density of 0.5-1.0 × 10 6 cells per dish 1 d before treatment with PLX4032 (0.5 or 2 μM) or DMSO. Both adherent and floating cells were harvested and stained with ethidium bromide using the method of Nusse et al. (36) . Flow cytometric analysis was used for quantitation of cell-cycle distribution and apoptosis (subG1) as described (8) .
Microarray Analysis. Cells were treated with drug or vehicle for 8 h. RNA was extracted, labeled, and hybridized to HG-U133A2.0 expression arrays (Affymetrix) as previously reported (13) . Chips then were processed, scanned, and quantified, and the data were normalized as described (13) . Differential expression was identified with an empirical Bayes approach using the Linear Models for Microarray Analysis (37) , and genes were selected based on an absolute log 2 fold change ≥1.5 and false discovery rate <1%. Among the selected genes, the expression of multiple probe sets per gene was averaged. Average-linkage hierarchical clustering of an uncentered Pearson correlation similarity matrix was executed with Cluster and visualized with TreeView (38) . We referenced http://www.ncbi.nlm.nih.gov/geo/ (accession no. GSE10086) for gene expression changes in response to PD0325901 (13) . An aggregate measure of expression of the 73-gene signature was calculated by standardizing normalized expression per array by converting expression levels across all probes to a Z-score. The arithmetic mean of Z-scores across the 73 genes in each sample served as aggregate expression value.
RT-PCR Analysis. RNA was extracted using the RNeasy Mini Kit (Qiagen), reverse-transcribed, and used for quantitative RT-PCR as described (13) . Relative expression of target genes was calculated using the ΔΔCt method and normalized to the mRNA content of three housekeeping genes. Values are reported as percentages relative to the untreated control for each cell line (2 −ΔΔCt ).
